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Ferromagnets 
Yi Zhu, Avradeep Pal, Mark G. Blamire*, Zoe H. Barber 
Recent discoveries from superconductor (S)/ ferromagnet (FM) heterostructures include π-
junctions1, triplet pairing2,3, critical temperature (Tc) control in FM/S/FM superconducting spin 
valves (SSVs)4-7, and critical current control in S/FM/N/FM/S spin valve Josephson junctions8,9 
(N: normal metal). In all cases, the magnetic state of the device, generally set by the applied 
field, controls the superconducting response. We report here the observation of the converse 
effect, i.e. direct superconducting control of the magnetic state in GdN/Nb/GdN SSVs. A model10 
for an antiferromagnetic effective exchange interaction based on the coupling of the 
superconducting condensation energy to the magnetic state can explain the Nb thickness and 
temperature dependence of this effect. This superconducting exchange interaction is 
fundamentally different in origin from the various exchange coupling phenomena which underlie 
conventional spin electronics (spintronics), and provides a mechanism for the active control of 
the magnetic state in superconducting spintronics11. 
Electron exchange coupling between magnetic layers defines the ground state 
configuration of magnetic heterostructures. In conventional spintronics, an applied field or 
current-driven spin transfer torque12 is used to change the magnetic state – e.g. to write to a 
memory element. The primary mechanisms of this exchange coupling are direct (Heisenberg) 
coupling between a ferromagnet (FM) and an antiferromagnet (AFM) to generate exchange 
bias13, and indirect  Ruddermann-Kittel-Kasuya-Yoshida (RKKY) coupling14 which, for 
certain non-magnetic (N) spacer thicknesses, can be antiferromagnetic (AF) – crucial to the 
original discovery of giant magnetoresistance15,16 and now widely applied to create synthetic 
AFMs17. The magnitude of such exchange coupling is controlled by the materials and layer 
thicknesses, and creates a passive ground state against which active methods of magnetization 
control must act. Here, we present evidence for a fundamentally different exchange 
interaction mediated by the superconducting condensation energy and driven by an 
exceptionally large change in Tc (∆Tc) between parallel (P) and antiparallel (AP) 
configurations.  
A series of GdN(3 nm)/Nb(tS)/GdN(5 nm) trilayer superconducting pseudo spin valves  
were deposited with different Nb layer thicknesses tS (see Methods). A typical set of 
resistance versus magnetic field (R(H)) curves (Fig. 1a) shows a well-defined infinite 
magnetoresistance (MR = (Rmax-Rmin)/Rmin) with sharp switching between normal and 
superconducting states. The behaviour is similar to that reported for EuS/Al/EuS devices by 
Li et al. 5, but the higher Tc of Nb means that it is observable up to ~6 K (see right inset to 
Fig. 2, Supplementary Information 1 and Supplementary Fig. 1) rather than below TcAl (~1.5 
K).  
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The MR originates from the difference in Tc between P and AP alignment (left inset to 
Fig. 1b and Fig. 3d) and the appearance of an AP state over an extended field range between 
lower and upper coercive fields, Hc1,2, corresponding to the switching of the 5 nm and 3nm 
GdN layers respectively. This is evident in low T magnetization vs field (M(H)) loops (Fig. 
1b). For temperatures well above Tc, there is little evidence of separate switching of the two 
GdN layers despite their different thicknesses. 
 Fig. 2 shows the temperature dependence of Hc1,2 for several tS; in the normal state, Hc1,2 
are similar to each other and between samples. However, for each tS, below Tc, Hc2 increases 
rapidly with decreasing temperature suggesting the onset of a pronounced AF exchange 
coupling in the superconducting state. Our results provide the first experimental evidence for 
a superconducting exchange coupling (SEC), originally proposed by de Gennes 10, mediated 
Figure	   1|	   Temperature	   dependence	   of	   spin	   valve	   effects	   in	   a	   GdN(3)/Nb(8)/GdN(5)	  
heterostructure.	   a,	   Resistance	   as	   a	   function	   of	   applied	   magnetic	   field	   (R(H))	   at	   different	  
temperatures	   (see	   Methods);	   inset	   figures	   show	   the	   expected	   magnetic	   configurations.	   	   b,	  
Magnetization	  hysteresis	  loop	  (M(H))	  of	  the	  same	  device:	  2.5K	  (black),	  3.5K	  (red),	  4.5K	  (green),	  6.5K	  
(blue),	  8.5K	   (cyan),	  10.5K	   (pink).	  The	   left	   inset	   shows	   resistance	  versus	   temperature	  of	  a	   similar	  
superconducting	   spin	   valve	   for	   the	   zero-­‐field	   state	   (ZF),	   parallel	   (P),	   and	   antiparallel	   (AP)	  
configurations	   –	   ∆Tc	   between	   P	   and	   AP	   is	   810mK.	   The	   right	   inset	   depicts	   a	   schematic	   diagram	  
showing	  the	  dependence	  of	  Tc	  on	  the	  angle	  between	  the	  ferromagnetic	  insulator	  surface	  spins	  (N:	  
normal,	   S:	   superconducting)	   –	   the	   two	   horizontal	   lines	   illustrate	   the	   high	   and	   low	   temperature	  
regimes	  discussed	  in	  the	  text. 
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by the dependence of the superconductivity on the angle between the ferromagnetic insulator 
(FI) magnetizations in a SSV.  
In order to distinguish this effect from other temperature-induced changes to Hc, we plot, 
in Fig. 2, Hc from 5 and 3 nm-thick plain GdN films (i.e. corresponding respectively to Hc1 
and Hc2 in the SSV samples). The SSV Hc2 data increase above the 3 nm trend line at the 
onset of superconductivity, as expected with an additional exchange term associated with 
superconductivity. At higher temperatures Hc1 and Hc2 differ less than the plain films, 
indicative of an underlying ferromagnetic Néel coupling mediated via stray fields originating 
from surface roughness. 
Trilayer structures were also fabricated (in a single deposition run), with either a Nb or 
non-superconducting Ta interlayer between identical GdN layers (see Methods and 
Supplementary Information 2). Above the Tc of Nb SSV, Hc2 was identical in each case but, 
below its Tc, Hc2 was significantly higher in the Nb sample, further confirming the existence 
of SEC as described above. Fig. 3a shows example hysteresis loops, whilst all M(H) loops 
and a plot of Hc1,2 versus temperature are shown in Supplementary Fig. 2 and 3. 
We have also grown GdN/AlN/Nb/AlN/GdN control samples (see Methods), which 
show a much higher Tc than their SSV equivalents and no response to the magnetic 
orientation, confirming that MR and ∆Tc are not a result of stray field. ∆Tc in a FI/S/FI SSV 
Figure	  2|	  Influence	  of	  superconductor	  thickness	  on	  temperature-­‐dependent	  coercive	  fields	  and	  
spin	   valve	   effect	   in	   GdN/Nb/GdN	   heterostructures.	   Temperature-­‐dependent	   coercive	   fields	   of	  
3nm	   (solid	   symbols)	   and	   5nm	   (open	   symbols)	   GdN	   layers	   in	   SSVs	   for	   several	   Nb	   interlayer	  
thicknesses:	  8nm	  (black),	  10nm	  (red),	  12nm	  (green)	  and	  16nm	  (blue)	  with	  data	  from	  M(H)	  and	  R(H)	  
plotted	  as	  circles	  and	  squares	  respectively.	  The	  shaded	  regions	  represent	  the	  temperature	  between	  
the	  onset	  of	  superconductivity	  (AP	  state)	  and	  the	  ending	  of	  superconducting	  transition	  (P	  state)	  in	  
SSVs.	  The	  grey	  and	  dark	  grey	  curves	  show	  data	  for	  plain	  5nm	  and	  3nm	  GdN	  films	  respectively.	  The	  
left	   inset	  plots	   the	  difference	   in	  Tc	   between	   the	   P	  and	  AP	  alignments	  as	  a	   function	  of	  Nb	   layer	  
thickness.	  The	  right	   inset	  shows	  R(T)	  curves	  for	  the	  devices	  plotted	   in	  the	  main	  figure	  (solid:	  AP,	  
dashed	  P).	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does originate from a net exchange field  acting on the singlet Cooper pairs gained during 
their reflection from the S/FI interface. It was shown by de Gennes10, in the limit tS ≪ ξS, 
, where A depends on the interfacial spin coupling, is the angle between the 
surface spins of the FI layers, and ξS is the S layer coherence length. In this limit, which is 
satisfied for tS ≲ 12 nm in our experiments and for applied fields well below the critical field 
of the S, and hence the Tc, are determined exclusively by 𝜃 (see sketched inset to Fig. 1b, 
Supplementary Information 3 and Supplementary Fig. 4).  
The superconducting condensation energy per unit area is given by  
where N(0) is the density of states at the Fermi energy and ∆ is the energy gap. In SSVs, 
because Tc varies with 𝜃, ∆ will also be angle-dependent and, using the usual expression valid 
near Tc, where kB is Boltzmann's constant. In the regime 
where the SEC is directly measurable by the SSV effect the P configuration remains in the 
normal state and so the SEC energy EexS (i.e. the difference in the condensation energy 
between the P and AP states) is given by  
h
h = Acos θ 2( ) θ
h
Ec = tSN (0)Δ2 2
 
Δ T ,θ( ) ! 3.2kBTc θ( ) 1−T Tc θ( )
Figure	  3|	  Superconductor-­‐mediated	  antiferromagnetic	  exchange	  coupling	  in	  GdN/Nb/GdN	  SSVs.	  
a,	  M(H)	  loops	  of	  a	  GdN(3)/Nb(8)/GdN(5)	  SSV	  and	  a	  GdN(3)/Ta(8)/GdN(5)	  control	  sample	  measured	  
at	  1.6K	  (red	  for	  Nb	  SSV	  and	  black	  for	  Ta	  control	  sample)	  and	  4K	  (orange	  for	  Nb	  SSV	  and	  blue	  for	  Ta	  
control	   sample).	  b,	  M(H)	   loops	  of	  a	  GdN(3)/Nb(7.6)/GdN(5)	   (red)	  and	  a	  GdN(3)/Nb(5.5)/GdN(5)	  
(black)	  trilayer	  measured	  at	  1.6K.	  The	  inset	  illustrates	  R(T)	  cooling	  (red)	  and	  heating	  (blue)	  curves	  
of	  the	  same	  GdN(3)/Nb(7.6)/GdN(5)	  trilayer	  measured	  at	  50mT	  after	  P	  alignments.	  The	  sample	  was	  
first	   saturated	   using	   150	  mT	   at	   2.5	   K;	   the	   field	   was	   then	   reduced	   to	   50	  mT	   and	   kept	   constant	  
throughout	   the	   cooling	   sequence.	  Then	   the	   sample	  was	   saturated	  again	  at	  0.3K	  with	   the	   same	  
procedure	  and	  warmed	  up.	  c,	  R(H)	  of	  GdN(3)/Nb(7.6)/GdN(5)	  trilayer	  measured	  at	  three	  different	  
temperatures.	   The	   arrows	   show	   the	   field	   sweep	   direction.	   d,	   R(T)	   heating	   curves	   of	   the	   same	  
GdN(3)/Nb(7.6)/GdN(5)	  trilayer	  measured	  at	  different	  external	  applied	  fields.	  These	  curves	  show	  
AP	  alignment,	  zero-­‐field	  alignment	  and	  increasing	  P	  alignment	  in	  increasing	  field	  (0	  -­‐>	  -­‐80mT	  after	  
saturation).	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𝐸#$% 𝑇 = ∆𝐸) 𝑇 = *.,-, 𝑡/𝑁 0 𝑘3,𝑇)4, 1 − 7789                        (1) 
where Tc0 is the critical temperature in the AP state. At the onset of superconductivity in the P 
state,  where the electronic heat constant 𝛾;< =𝜋,𝑘3, 𝑁 0 3= 7.8 mJ mol-1 K-2  18 and so for a SSV with tS = 10 nm, 
. For comparison, the Zeeman energy associated with the 
reversal at Hc2 is given by , where t2, M2 are the thickness and 
magnetization of the relevant GdN layer respectively. Using the magnetization data measured 
for these samples, for the 3 nm layer and a switching field of 5 mT, ∆EZ = 3.3×10-5 .J/m2. EexS 
is therefore comparable in magnitude to ∆EZ and hence is large enough to control the 
magnetic switching since, in real magnetic structures, the Zeeman energy has to overcome the 
activation energies associated with anisotropy and domain wall pinning in addition to any 
exchange coupling. As shown in the left inset to Fig. 2 ∆Tc increases dramatically with 
decreasing tS (Fig. 3d shows a value of  >1700 mK for tS = 7.6 nm).  
Fig. 3b, c, d show data for the thinnest superconducting sample (tS = 7.6 nm) providing 
further evidence in support of this model. Fig. 3b compares the M(H) loop for this sample 
with a tS = 5.5 nm sample which does not become superconducting down to 300 mK; the AP 
state originating from the SEC is present in the thicker sample but absent in the otherwise 
identical thinner sample. 
In Fig. 3c, we can see that the transitions between the normal and superconducting states 
at 1.6 K are sharp and clearly driven by partial or complete bulk magnetization reversal of 
GdN layers between P and AP state as in Fig. 1a. SEC in this (higher) temperature range is 
reduced, and values of 𝜃 close to π are necessary for superconductivity (see green line in the 
sketch inset to Fig. 1b). As the temperature is reduced, the normal to superconducting 
transition becomes broader. At the lowest temperature, this is also true for the 
superconducting to normal transition; at which point the transitions occur at virtually the 
same field magnitude. To explain this, we note that the GdN surface spins may be more 
weakly exchange coupled than the bulk of the film and so are able to reorient themselves 
under the action of the SEC. This is a similar picture to the "loose spins" model invoked by 
Slonczewski19 for metallic ferromagnetic films and is likely given that the interface is to a 
reactive metal (Nb) and that GdN magnetism is strongly sensitive to nitrogen stoichiometry20. 
At lower temperatures much smaller values of 𝜃 are required to achieve a superconducting 
state (see grey line in sketch inset to Fig. 1b) and so the normal to superconducting transition 
can occur by the rotation of the surface spins away from the bulk GdN magnetization under 
the action of the AF SEC. Here there is a torque balance between the combination of the 
applied field and bulk exchange coupling to the ~P aligned GdN layers, tending to align the 
surface spins in P state, versus the AF SEC which tends to drive the surface spins into AP 
state. Hence similar transition fields to and from the superconducting state are expected. The 
actual P-AP and AP-P bulk magnetization reversals take place at fields between the 
superconducting transitions and are therefore invisible from the low temperature R(H) 
measurement.  
Further evidence for this loose spins behaviour can be seen in Supplementary Fig. 4. The 
accuracy of the fit of the experimental data to the de Gennes model10 degrades as the 
 EexS Tc0 − ΔTc( ) ! 1.5γ tSTc0ΔTc
EexS Tc0 − ΔTc( ) = 1.5 ×10−5 J/m2
ΔEZ = 2µ0Hc2t2M 2
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nominally P state is approached and this can be explained most easily by the relaxation of the 
surface spins away from P under the action of the SEC so that substantial fields are required 
to fully align the spins to give the lowest resistive transition (see Fig. 3d). 
The SEC discovered in our experiments is quite distinct from the blocking by 
superconductivity of a pre-existing normal-state indirect exchange coupling, originally 
proposed by Sipr and Gyorffy21 and by Sá de Melo22. This has been experimentally observed 
23; however, in complete contrast to the behaviour reported here, the pre-existing exchange 
interaction for the GdN/NbN/GdN studied in23 is AF which is explained in terms of the semi-
metallic nature of the NbN spacer, and this vanishes in the superconducting state. For a 
metallic spacer such as Nb the RKKY interaction is much shorter-range than the values of tS 
studied here and oscillates between ferromagnetic and AF 24 and so is unlikely to be relevant 
to our case. A localized ferromagnetic magnetostatic coupling between the FM layers 
modified by the appearance of superconductivity or by magnetostatic pinning of domain walls 
in the FMs by Abrikosov vortices in the S 25 has recently been reported; however, this seems 
to involve modification of stray fields coupling the layers, rather than an intrinsic 
superconducting state controlled by the magnetic configuration and vice versa as reported 
here. 
From our analysis it is evident the strength of the SEC depends on a number of 
superconductor parameters: Nb has one of the highest values of γ and considerably higher 
than Al 18 or NbN 26 which are the most obvious alternatives; the product ts∆Tc  depends 
strongly on ξS, which is likely to rule out NbN because of its much shorter coherence length 
than Nb (indeed no SSV effect was observed in GdN/NbN/GdN structures23), and is 
considerably higher than has been obtained for Al-based SSV results5. Finally, even though 
suppressed from its bulk value, Tc0 for Nb is higher than for Al 5.  
In contrast with our samples, softer FM layers may be expected to show complete AF 
SEC. In Fig. 3b inset, the sample was saturated at 150mT at 2.5K and 0.3K before cooling 
and heating respectively; the field was reduced to 50 mT throughout each measurement. The 
pronounced R(T) hysteresis illustrates that, during the warming measurement, the sample 
remains in the superconducting state to a higher temperature, implying the existence of AF 
SEC and providing evidence that GdN layers are not soft enough to fully align in AP state 
during cooling. Softer FM layers will be switched completely by the SEC, which acts against 
the Néel coupling, leading to the observation of zero-field Tc coincident with AP state Tc. 
In conclusion, the behaviour reported here cannot be explained on the basis of any 
conventional exchange coupling. As importantly, unlike conventional exchange interactions, 
the SEC can be externally controlled by changing the superconducting state. Trivially this is 
achieved by varying the temperature as reported here, but the strong dependence of the 
energy gap on the quasiparticle density gives rise to large non-equilibrium effects. 
Particularly, dramatic changes in the superconducting state in the central layer of a S/I/S'/I/S 
double tunnel junction can be obtained if high transparency insulator (I) barriers are used27. 
GdN layers of comparable thickness to those reported here form good quality tunnel 
barriers28,29 and so the potential exists to create spin valve Josephson junctions 8 in which the 
magnetic state can be changed by non-equilibrium current injection. Such devices are central 
to the current technological push for cryogenic memory9,30 and superspintronic devices11.  
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Methods 
Film growth. All films were grown on unheated oxidized single-crystal Si substrates 
by dc magnetron sputtering. The base pressure of the UHV chamber before sputtering 
was ~5×10-7 Pa, with the background O2 and H2O partial pressure less than 2×10-7 Pa. 
Since GdN is highly reactive, low O2 and H2O partial pressure are crucial for 
obtaining good quality GdN films and sharp GdN/Nb interfaces. The structure of our 
SSVs was GdN(3 nm)/Nb(tS nm)/GdN(5 nm). In order to protect GdN films, a 5 nm 
buffer and capping layer of AlN was deposited before and after the main SSV 
structure without breaking the vacuum. Substrates were placed on a computer-
controlled rotating sample stage facing the Gd and Nb targets. To obtain a series of 
samples with different thicknesses in the same deposition run, substrates passed 
below the respective targets with varying rotation speeds. The GdN films were 
deposited in an Ar/N2 gas atmosphere with 8% N2 at 1.5 Pa, whereas the Nb films 
were prepared in pure Ar at 1.5 Pa. The AlN films, buffer, capping and spacer layers 
in control samples, were grown in an Ar (56%)/N2(44%) gas atmosphere at 1.25 Pa. 
In addition, for the deposition of Ta control samples, the Ta films were prepared in 
pure Ar at 2.5 Pa. The material parameters of plain Nb films are listed in 
Supplementary Table 1.  
 
Magnetization measurements. Magnetization measurements were carried out down 
to 1.6 K using a vibrating sample magnetometer with a closed-cycle cryocooler. The 
magnetic field was applied parallel to the sample (in-plane); below Tc0, very careful 
alignment of the sample plane with the magnetic field is required to prevent the Nb 
diamagnetism dominating M(H) and so our Hc1,2 data for lower temperatures are 
mainly extracted from the R(H) loops. 
 
Transport measurements. Transport measurements were performed on unpatterned 
5×5 mm samples using a four-point probe technique in a closed-cycle cryostat with a 
3He insert capable of reaching 0.3 K. A constant bias-current of 10 µA was applied in 
the measurements. During the isothermal measurements, the temperature stability of 
the cryostat was better than 10 mK. 
 
 
 
